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A cost-effective surface plasmon resonance (SPR)-based sensing platform was developed to evaluate 
alterations in albumin binding capacity under clinically relevant conditions. This ex vivo approach 
enables real-time assessment of albumin-ligand interactions using albumin directly isolated from 
plasma, thus overcoming key limitations of conventional in vitro approaches. The sensing surface was 
prepared by covalently immobilizing a polyclonal anti-albumin antibody onto a CM5 chip, followed by 
a single-step immunocapture of albumin from patient plasma samples. Mass spectrometry confirmed 
the selective retrieval of both native and structurally modified albumin forms, preserving their relative 
abundance and disease-associated microheterogeneity. The sensing surface demonstrated high 
reusability and analytical reproducibility over ~ 500 capture-release cycles, significantly lowering per-
sample costs. Functional validation was performed using ligands targeting the three main albumin 
binding sites. As proof of application, the system was used to investigate albumin binding properties in 
plasma from (i) type 2 diabetic patients with (n = 10) and without (n = 10) moderate kidney impairment, 
and (ii) patients with cirrhosis and acute-on-chronic liver failure (n = 6), a condition associated with 
extensive albumin damage. The proposed approach provides a robust analytical framework for the 
functional characterization of circulating albumin in healthy and diseased conditions.
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Human serum albumin (HA) is the most abundant plasma protein and plays a central role in maintaining 
oncotic pressure, exerting antioxidant effects, and transporting a wide variety of endogenous and exogenous 
ligands, including fatty acids, hormones, metal ions, and pharmaceutical compounds1–3. Its ligand-binding 
versatility arises from a flexible, multidomain structure that features several binding pockets, most notably 
Sudlow sites I and II, and site III4–6. HA-ligand interactions contribute to drug solubility and distribution, 
influencing pharmacokinetics and therapeutic efficacy7. Because these functional properties depend on HA’s 
structural integrity, structural alterations can impact its folding, binding affinity, and clearance8.

HA exists in plasma as a heterogeneous mixture of native and modified forms. This microheterogeneity is 
dynamic and reflects physiological and pathological conditions. Structural modifications, including oxidation, 
glycation, cysteinylation, and terminal truncations, are known to increase in settings of systemic inflammation 
and oxidative stress, such as liver or kidney disease and diabetes9–11.
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Structural changes have been reported to affect the binding capacity of HA toward clinically relevant ligands 
and drugs, including warfarin12–14, nonsteroidal anti-inflammatory drugs15, sulfonylureas16, and others17, which 
may compromise drug efficacy and safety.

Most studies of HA binding have relied on in vitro models using chemically modified, commercially 
available HA. These models typically assess the impact of single alterations, often without detailed structural 
characterization of the modified forms18. As a result, they fail to replicate the complex mixture of HA forms 
present in clinical samples, where multiple modifications coexist and evolve in response to disease severity and 
patient condition. Additionally, in vitro assays generally use defatted HA, whereas HA circulates bound to fatty 
acids, which are known to influence ligand binding19,20. These limitations have led to divergent findings across 
studies21. While some ex vivo approaches have been proposed, including direct plasma studies or HA isolation 
before binding assays, these are either confounded by the presence of other binding proteins or involve time-
consuming purification steps. There remains a need for analytical strategies capable of assessing HA binding 
in clinically relevant samples, preserving structural microheterogeneity, and enabling efficient, reproducible 
measurements21–24.

In this context, the present study aimed to develop a cost-effective and reusable sensing surface for the real-
time assessment of HA binding properties under clinically relevant conditions. A sensor chip was functionalized 
with a covalently immobilized anti-HA antibody, enabling selective, single-step immunocapture of HA from 
patient plasma without any extensive pretreatment. To ensure broad applicability, the setup was designed to 
support high-throughput use, minimal sample preparation, and low per-analysis costs.

Surface plasmon resonance (SPR) was employed for binding measurements due to its sensitivity and real-time 
monitoring capabilities. Although SPR has been extensively applied to the study of biomolecular interactions, its 
use with complex biofluids remains limited25. Prior SPR studies involving HA have largely relied on commercial 
preparations or covalent immobilization methods that do not capture circulating microheterogeneity26–31. Here, 
as proof-of-concept of application, we applied the newly developed sensing surface to assess HA binding in 
two patient cohorts characterized by distinct levels of HA structural damage: (i) patients with type 2 diabetes 
mellitus (T2DM), with or without moderate kidney impairment (n = 10 each), and (ii) patients with cirrhosis 
and acute-on-chronic liver failure (n = 6), a condition associated with extensive HA modification11,32–34.

Results and discussion
Design of the sensing surface
The strategy for designing an analytical device capable of capturing albumin in a single step from patient plasma 
was defined, considering its final application: performing in vitro binding studies on a sensing surface that 
reflects patient-specific HA heterogeneity.

Hence, SPR technology was selected because it is one of the most suitable methods for studying biorecognition 
phenomena in real-time, with a mid-throughput wizard-supported workflow that is well-suited to the aims of 
this work. The ability to detect both weak and strong interactions, along with easy access to affinity and kinetic 
data on complex formation/disruption, makes this technique highly informative.

To generate the SPR sensing surface, we opted for immunocapture-based immobilization of HA, as this 
approach enables the selective immobilization of the plasma target protein without pre-purification while 
minimizing the risk of contamination from other plasma proteins. Indeed, direct immobilization of circulating 
HA through covalent coupling would not provide the necessary selectivity, as competing, abundant plasma 
proteins would also be bound to the sensor chip surface, leading to a multi-protein sensing surface.

Additionally, the immunocapture approach also ensures the device is cost-effective. Indeed, immunocapture, 
as a reversible immobilization process, allows for the removal of the target molecule from the sensing surface 
through a suitable surface regeneration procedure without damaging the capturing antibody. This allows for the 
repeated use of the same “activated” sensing surface over multiple analysis cycles.

To this end, we first prepared an anti-HA sensor chip by covalently immobilizing a polyclonal anti-HA 
antibody using a well-established covalent immobilization procedure35.

Then, the anti-HA sensor chip was used to capture HA from plasma samples without any pre-purification 
step. The amount of plasma needed to assess HA affinity toward an analyte is limited to a few dozen microliters. 
After the analysis cycle is completed, the capture surface is regenerated. Surface regeneration prepares the 
sensing surface for reuse in another capture cycle, enabling multiple analysis cycles. The general design and 
workflow are summarized in Fig. 1.

Validation of polyclonal anti-HA antibody for quantitative capture of HA microheterogeneity
To effectively sample the various forms of HA under both physiological and pathological conditions, it is 
essential that the immunocapture method allows for the comprehensive collection of all circulating HA forms 
while preserving their relative abundances. To evaluate this, we assessed the capturing performance of the 
selected commercial polyclonal anti-HA antibody against circulating HA using liquid chromatography–mass 
spectrometry (LC–MS). This technique is crucial for distinguishing among the structurally altered forms of 
albumin, which differ in mass.

Since SPR cannot be directly interfaced with mass spectrometry, the polyclonal anti-HA antibody was 
covalently bound to a short monolithic column (CIMac-αHSA, 5.0  mm × 5.2  mm I.D.), and the antibody’s 
capturing performance was evaluated using plasma samples characterized by varying albumin integrity and 
microheterogeneity profile (namely samples from patients with T2DM, with and without renal impairment). 
The relative abundances of the immunocaptured HA forms were profiled by LC-MS/MS and compared to those 
in untreated samples.

As depicted in Fig. 2, no significant differences (P > 0.5) were observed between the relative levels of HA 
forms before and after extraction for both sets of samples, although their HA microheterogeneity profiles were 
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markedly different. In addition, mass spectrometric analysis confirmed that no other plasma proteins were co-
captured under the applied conditions.

These results demonstrate that the selected anti-HA antibody effectively captures native and modified HA 
forms, preserving their relative abundance and, hence, reproducing disease-associated HA microheterogeneity 
profiles.

Fig. 1.  Sensing surface design. Schematic representation of the experimental design, along with the illustration 
of the instrumental setup for SPR binding measurement with the Biacore X100 system.
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Development and validation of the sensing surface
As mentioned above, the sensing surface was developed in two steps: first, the anti-HA antibody was covalently 
bound to the surface to provide a stable immunocapturing sensor chip; second, this anti-HA sensor chip was 
used to reversibly immunocapture HA. In the first step, an anti-HA sensor chip was obtained by covalently 
immobilizing the selected anti-HA antibody onto the carboxymethyl dextran layer of a CM5 sensor chip using 
an established amine coupling reaction37. Optimal preconcentration conditions were achieved at pH 5.0. The 
final immobilization level was 18,000 RU.

The immunocapture procedure for obtaining the anti-HA sensing surface was initially optimized using the 
commercial HA. To maximize capture level, the concentration of the HA solution, flow rate, and contact time 
were optimized (Supplementary Fig. S1). The maximum capture level was achieved when a 50 µM HA solution 
was infused over the anti-HA sensor chip at 5 µL/min for 840 s. Based on these data, for ex vivo studies, the total 
HA concentration was normalized to 50 µM prior to immunocapture to achieve similar immobilization levels 
across all samples (Fig. 3).

Surface regeneration was achieved by injecting glycine buffer at pH 2.0, followed by 0.1  N NaOH. This 
step enabled the removal of HA from the chip surface without damaging the antibody, thereby restoring the 

Fig. 3.  Immunocapture profiles of HA from different sources. Overlaid representative sensorgrams depicting 
the immunocapture profiles of commercial HA (black), HA from a plasma control (orange), and from a patient 
with decompensated cirrhosis and acute-on-chronic liver failure (ACLF, red) under optimized experimental 
conditions. All samples were diluted to a final concentration of 50 µM and infused at 5.0 µL/min for 840 s. 
Under the given conditions, the same final capture level was achieved with both the plasma samples and 
commercial HA solutions.

 

Fig. 2.  Ability of anti-HA antibody to maintain HA microheterogeneity. Relative amount of HA forms before 
(white bars) and after (grey bars) extraction from (a) T2DM patients without renal impairment (n = 5) and (b) 
T2DM patients with renal impairment (n = 5) by using an affinity column with the selected anti-HA antibody. 
The different forms of HA were identified, and relative abundances were assessed using a previously developed 
LC–MS method36. HA-DA: truncation at the N-terminal portion; HA-L: truncation at the C-terminal portion; 
HA+Cys-DA: N-terminal truncated form cysteinylated at Cys34; HA: native albumin; HA-SO2H: sulfonylated 
form at Cys34; HA+Cys: cysteinylation at the level of Cys34; HA+Glyc: monoglycation; HA+Cys+Glyc: 
cysteinylated form carrying one glycation; HA+2Glyc: glyc; HA+Cys+2Glyc: cysteinylated form carrying two 
glycations.
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chip surface for subsequent capture and analysis cycles. After regeneration, blank injections were performed 
to monitor the baseline stability and account for systematic and random variations. Regeneration conditions 
did not significantly affect antibody binding capacity, as evidenced by the lack of a significant difference in the 
capture efficacy across two subsequent capture cycles (Supplementary Fig. S2).

The HA sensing surface was validated prior to its application to plasma samples from the study participants. 
False-positive interactions were ruled out by analyzing galantamine, a non-binding drug, confirming no 
interaction with HA27. On the other hand, to assess whether HA maintains its unaltered binding capacity at 
its three high-affinity binding sites, three reference binders were analyzed, namely, (i) phenylbutazone (PBZ), a 
marker for Sudlow site I37; (ii) dansyl-L-phenylalanine (DPA), a marker for Sudlow site II38; and (iii) biliverdin 
(BVD), a marker for site III39. For all markers, a good concentration-response relationship was observed 
(Supplementary Fig. S3). Notably, for BVD, significant interactions with the anti-HA antibody were observed, as 
confirmed by injecting BVD on the bare anti-HA sensor chip without any immobilized HA. Hence, to properly 
account for those nonaspecific interactions, investigations involving BVD were performed using a sensor chip 
with the antibody immobilized in both sample and reference flow cells. The KD values obtained for PBZ, DPA, 
and BVD were in good agreement with those reported in the literature (PBZ: 14.0 ± 0.5 µM vs. 0.12–3.3 µM40,41; 
DPA: 1.7 ± 0.3 µM vs. 6.0 µM5; BVD: 13.0 ± 3.0 µM vs. 10−6–10−8 M42).

Application of the HA-sensing surface for the evaluation of HA-binding properties in cirrhotic 
patients and diabetic patients with renal impairment
Ex vivo assessment of HA binding functions in patients with decompensated cirrhosis
The validated sensing surface was used in a pilot study examining HA binding in patients with decompensated 
cirrhosis and ACLF, a syndrome characterized by elevated systemic inflammation and oxidative stress, as 
well as reduced levels of circulating HA. Indeed, several reports have highlighted that severe HA damage 
occurs in advanced stages of liver cirrhosis and is mainly associated with high levels of oxidation11,32,43. Due 
to the accumulation of these altered molecular forms, the amount of native, fully functional HA significantly 
decreases44. Furthermore, clinical evidence of altered HA binding properties in ACLF patients was observed 
together with alterations in its conformation20,22.

Based on these observations and as proof of concept of the application of the proposed approach to real 
samples, plasma samples from 6 hospitalized patients with ACLF (2 males and 4 females, aged 68–72) and 6 age-
matched healthy volunteers (CTRL, 5 males and 1 female, aged 38–73) were selected.

HA microheterogeneity in the samples under study was initially profiled by LC-MS analysis (Supplementary 
Table S1)36,45. Analysis showed that, compared with healthy individuals, ACLF patients presented a drastically 
lower relative amount of the native form of HA (nHA) (8.5% vs. 43.1%) and a concomitant significant increase 
in the oxidized forms of HNA1 (from 37.9 to 87.9%) and glycated forms (from 11.6 to 23.0%). For each subject, 
the HA binding capacity at the three high-affinity binding sites was evaluated by deriving KD values for PBZ, 
DPA, and BVD (Supplementary Table S2). Furthermore, the affinity of teicoplanin (TEICO), a non-site-
specific HA binder46 commonly administered to cirrhotic patients to counteract infections, was also evaluated 
(Supplementary Fig. S4 and Supplementary Table S2).

To the sake of completeness, it must be noted that albumin captured directly from plasma may retain 
endogenous ligands, such as fatty acids. Hence, the KD values obtained should be interpreted as apparent KD 
values, which aligns with common practice when albumin is studied under physiologically relevant conditions.

HA from ACLF patients showed a slightly greater affinity for PBZ at Sudlow site I than did HA from CTRL 
subjects (P = 0.0280) (Fig. 4a). On the other hand, no significant differences in affinities for DPA or BVD were 
detected at sites II and III, respectively (Fig. 4b and c). Indeed, despite the extensive structural changes HA 
undergoes in ACLF patients, binding properties at high-affinity sites are quite preserved, although caution is 
warranted regarding drug binding at the Sudlow site I.

Importantly, these findings should be considered preliminary because the study was undertaken as a proof-
of-application for the developed device, and thus involved a limited number of patients.

Fig. 4.  Impact of structural damages associated with ACLF on albumin binding capacity. Individual values 
plots showing average KD values with standard error of the mean (SEM) for the three site-specific binding 
markers and teicoplanin (TEICO) for controls (CTRL, black) and for patients with decompensated cirrhosis 
with ACLF (red). Column graphs for (a) PBZ as a marker for Sudlow site I, (b) DPA as a marker for Sudlow 
site II, (c) BVD as a marker for site III, and (d) TEICO as a non-site-specific HA binder.
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Interestingly, a significant alteration in TEICO binding capacity was observed in ACLF patients, in which 
structural changes in HA reduced its binding affinity (Fig.  4d). To our knowledge, this is the first study to 
investigate the binding of TEICO in ACLF patients. Since teicoplanin is one of the antibiotics of choice for 
treating infections in cirrhotic patients, these results are potentially relevant and require further evaluation, 
especially considering that ACLF patients also exhibit reduced plasma levels of HA (hypoalbuminemia)44,47,48.

Ex vivo assessment of HA binding functions in patients with T2DM and renal impairment
A second pilot study involved a small cohort of type-2  diabetic patients with diabetic kidney disease 
(T2DM + DKD). Indeed, exacerbated inflammation and oxidative stress are also typical pathological conditions 
in patients suffering from DKD and are major causes of morbidity and mortality in patients with diabetes 
mellitus. In agreement with this observation, more oxidized forms have been observed in albumin from T2DM 
patients13,14. Additionally, patients may also experience hypoalbuminemia due to alterations in glomerular 
filtration, a condition that may exacerbate HA dysfunction49.

As a pilot screening, 20 diabetic patients were selected: 10 subjects without renal damage (T2DM-DKD) 
(4 females and 6 males; aged 46–87 years), and 10 subjects classified according to KDIGO classification 
parameters50 as subjects with very high risk renal impairment (T2DM + DKD) (1 female and 9 males; aged 28–
71 years)50. Previous investigations have shown that HA from T2DM + DKD patients also undergoes structural 
damage, although to a more limited extent when the glycemic level is under drug control51. In agreement with 
these findings, MS analysis revealed a significant, although not extensive, decrease in the relative abundance 
of native HA, from 58.5 to 51.7%, in T2DM + DKD patients with a concomitant increase in (mainly) oxidized 
forms (details in Supplementary Table S3). Notably, after treatment with glucose-lowering drugs, the levels of 
the glycated forms of HA were not significantly greater than those in the controls (P = 0.089; Supplementary 
Table S3).

Since in ACLF patients the affinity of TEICO for HA resulted impaired, this drug was chosen as a pilot 
marker to assess whether the albumin binding capacity in T2DM + DKD patients was also affected (single KD 
values in Supplementary Table S4). Results show that the binding capacity of TEICO did not significantly affect 
this cohort of patients (Fig. 5). This finding suggests that only substantial alterations to the HA structure can lead 
to significant changes in the protein’s binding properties.

To conclude, these preliminary investigations demonstrate that the developed and optimized chip-based tool 
enables patient-specific binding studies.

Sensing surface stability
The stability of the sensing surface was monitored by measuring HA capture levels at each analysis cycle 
throughout the sensor chip lifetime (Fig.  6). Adding a protease inhibitor cocktail during plasma dilution 
was essential to prevent HA and/or antibody degradation over repeated loading-regeneration cycles, thereby 
extending chip longevity. Under optimized conditions, a single sensor chip could be reused for more than 500 
analyses.

Because HA capture gradually decreases with repeated use, we assessed whether this might affect affinity 
measurements. KD determination in SPR is based on equilibrium (isothermal) binding curves and, according 
to classical binding theory and SPR methodology, the KD obtained is independent of the absolute amount of 
immobilized analyte, provided that equilibrium is reached, the system is not mass-transport-limited, and the 
injected ligand concentrations are in excess over the captured target52–54. Under these conditions, a reduction in 
capture capacity lowers the response amplitude and signal-to-noise ratio but should not bias KD.

To ensure that these requirements were met throughout the chip’s lifetime, each analytical session began 
with a quality-control run in which the KD of a reference ligand (PBZ) toward commercial HA, captured under 
identical conditions, was measured. Only when the reference KD matched the expected value within normal 
analytical variability were plasma-derived samples analyzed; when this criterion was no longer met (i.e., a too-
high standard deviation after an ~ 80% loss of capture capacity), the chip was discarded. To put it in numbers, 

Fig. 5.  Impact of structural damages associated with T2DM + DKD on albumin binding capacity towards 
TEICO. Individual values plot showing average KD values with SEM for teicoplanin binding to HA in control 
T2DM-DKD patients (black) and T2DM + DKD patients (orange).
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PBZ binding to commercial HA yielded comparable KD values at early, mid-, and late-life phases (15.6 ± 0.1 µM, 
15.1 ± 0.2 µM, and 16.1 ± 0.2 µM, respectively), confirming that reduced capture capacity did not bias affinity 
determination but mainly affected signal-to-noise.

Materials and methods
Chemicals
Anti-human albumin antibody produced in rabbits (whole antiplasma, product code A3293; antigen 66.437–
66.600  kDa), standard HA (essentially fatty acid-free, ≥ 96%, product code A1887; MW: 66.4  kDa), sodium 
dihydrogen phosphate (NaH2PO4), disodium hydrogen phosphate (Na2HPO4), dimethyl sulfoxide (DMSO), 
phenylbutazone (PBZ; MW: 308.4 Da), biliverdin hydrochloride (BVD; MW: 619.12 Da), teicoplanin (TEICO; 
MW: 1880 Da), sodium chloride (NaCl), sodium acetate and protease inhibitor cocktail were all purchased from 
Sigma–Aldrich Millipore (Milan, Italy). Dansyl-L-phenylalanine (DPA; MW: 398.5 Da) was purchased from 
Tokyo Chemical Industry (Tokyo, Japan). Galantamine hydrobromide (GAL; MW: 368.3 Da) was obtained from 
Tocris (Cookson, UK). Research-grade CM5 sensor chips and an amine coupling kit consisting of N-ethyl-N-(3-
dimethyl-aminopropyl)-carbodiimide (EDC), N-hydroxysuccinimide (NHS) and ethanolamine hydrochloride 
(pH 8.5; 1 M) were all purchased from Cytiva. Bromocresol green (BCG; MW: 698.1 Da) was purchased from 
Fluka Honeywell (Milan, Italy), and succinic acid was purchased from Carlo Erba (Milan, Italy). Thermo 
Scientific Nunc Microwell 96-well plates were purchased from Fisher Scientific Italia (Rodano, Milan, Italy). 
HPLC-grade (≥ 99.9%) acetonitrile (ACN) was obtained from Honeywell (Milan, Italy). Deionized water was 
obtained with a Milli-Q system (Millipore, Milford, MA, USA), and all aqueous solutions were filtered through 
0.22 μm membrane filters before use.

Preparation and validation of an HA-sensing surface
SPR analyses were performed on a Biacore X100 system (Cytiva, Uppsala, Sweden) equipped with an inline 
degasser, thermostated at 25 °C. The data were analyzed and processed using Biacore X100 evaluation software 
v. 4.1. Software information is available at:
​h​t​t​p​s​:​​/​/​w​w​w​.​​c​y​t​i​v​a​​l​i​f​e​s​c​​i​e​n​c​e​​s​.​c​o​m​/​​e​n​/​u​s​/​​s​h​o​p​/​p​​r​o​t​e​i​​n​-​a​n​a​l​​y​s​i​s​/​s​​p​r​-​l​a​b​​e​l​-​f​r​​e​e​-​a​n​a​​l​y​s​i​s​/​​b​i​a​c​o​r​​e​-​x​1​0​0​-​s​y​s​t​e​m​-​
p​-​0​1​4​0​2.

Preparation of the anti-HA sensing surface for reversible capture of HA
Phosphate-buffered saline (PBS) (20 mM, pH 7.4 + 0.05% (v/v)) with Tween-20 (running buffer A) was used for 
the immobilization procedure, while running buffer A + DMSO (98:2, v/v) (pH 7.4) (running buffer B) was used 
for binding studies. All buffer solutions were freshly prepared every day and filtered through a 0.22 μm cellulose 
nitrate membrane before use.

To determine the optimal pH for immobilization, a pH-scouting investigation was performed by sequentially 
injecting 50 µg/mL anti-HA antibody solution in sodium acetate buffer (10 mM) at various pH values (pH 4.00, 
4.35, 4.50, 4.76, 5.00, 5.22, and 5.50) for 120 s at 10 µL/min using running buffer A. After each injection, the 
baseline was re-established by injecting a NaOH solution (50 mM). The best preconcentration was obtained 
using a pH 5.0 solution. Therefore, these conditions were used to immobilize antibodies covalently on the test 
flow cell (FC2) of a carboxymethyl-dextran (CM) 5 sensor chip via amine coupling, according to the standard 
Biacore procedure. Briefly, the chip was equilibrated at room temperature for 30 min before docking, and the 
system was primed with running buffer A three times. The sensor-chip test surface was activated by flushing a 
freshly prepared mixture of 0.4 M EDC and 0.1 M NHS (final concentrations) for 420 s at 10 µL/min. Then, 50 µg/
mL anti-HA antibody solution was injected over the activated flow cell(s) at a flow rate of 10 µL/min for 120 s to 
achieve the desired immobilization level, i.e., 18,000 RU, corresponding to a surface density of approximately 18 
ng/mm2. The remaining active esters were quenched by injecting a 1 M solution of ethanolamine hydrochloride 

Fig. 6.  Stability study. Percentage variation in the amount of commercial HA captured by the anti-HA 
antibody across sequential HA-capture cycles, considering both commercial and plasma sample runs.
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(pH 8.5) for 420 s at the same flow rate. Finally, the system was left to equilibrate for at least 12 h to achieve a 
steady baseline.

Two chips were prepared according to the described procedure: a sensor chip 1 (SC-1), in which the anti-HA 
antibody was immobilized only on the test flow cell, and a sensor chip 2 (SC-2), in which it was immobilized in 
both the test and reference flow cells. The sensor chips functionalized with the anti-HA antibody were used to 
immunocapture HA.

Preparation of a reversibly functionalized HA-sensing surface by immunocapture
Optimal conditions for HA immunocapture were achieved by injecting a 50 µM HA solution in 10 mM sodium 
acetate buffer (pH 7.4) at 5 µL/min for 840 s.

Validation of the sensing surface
To confirm the correctness of the capture procedure and validate the binding capacity of the chip surface, the 
affinities of three well-known HA markers, PBZ, DPA, and BVD, were evaluated as site I, site II, and site III HA 
binders, respectively. The steady-state dissociation constant (KD) was measured for each sample by multiple-
cycle analysis. Stock solutions of 10 mM PBZ, DPA, and BVD in DMSO were further diluted with running buffer 
B to obtain the desired final concentrations: PBZ (0.620–50.0 µM), DPA (0.940–30.0 µM), and BVD (3.13–50.0 
µM). The analytes were injected into both flow cells at a flow rate of 75 µL/min, with a contact time of 40 s, 
followed by a 40 s dissociation time.

Due to the high bulk response of DMSO relative to the intrinsically low response of small molecules, a 
solvent correction procedure was employed to account for the observed responses to DMSO and improve the 
robustness.

Furthermore, based on binding data available in the literature27, galantamine was chosen as a negative control 
to assess the absence of possible artifacts. To determine the binding of galantamine, starting from a 3 mM stock 
solution in running buffer A, test solutions of increasing concentrations of galantamine, namely, 0.370, 1.11, 
3.33, 10.0, and 30.0 µM, were prepared in running buffer B and injected at a flow rate of 10 µL/min for 60 s.

Data analysis
Responses from the test flow cell were double-referenced against those from the reference flow cell and against 
the average of all the blank injections taken at the beginning of each multicycle of analysis. Finally, the solvent 
refractive index correction was applied55. The equilibrium dissociation constant (KD) of the ligand-analyte 
complex was determined by fitting the responses at steady state to a 1:1 isotherm binding model, defined in 
Eq. (1):

	
Req = CRmax

KD + C
+ offset� (1)

where KD is expressed in M, C is the analyte concentration (in M), Req is the SPR response of the binding complex 
at equilibrium (in RU), Rmax is the maximum response upon saturation of the analyte (in RU), and the offset is 
the response at zero analyte concentration (in RU).

Each dataset was fitted separately in the binding model, using at least two independent measurements. The 
resulting parameters (n = 3) were averaged and reported with their corresponding standard deviation.

Patients
Two study populations were selected for the pilot studies conducted in this work. The first involved six cirrhotic 
patients admitted to the IRCCS Azienda Ospedaliero-Universitaria di Bologna in Bologna (Italy) due to acute-
on-chronic liver failure (ACLF) between January 2014 and March 2016. The selection of those patients was 
driven by the evaluation of the relative amount of the native form of the protein (nHA): selected patients had the 
lowest amount of nHA. Six age-matched healthy volunteers were considered the reference population.

The second study involved 20 patients attending the outpatient clinic of the Metabolic Diseases & Clinical 
Dietetics Unit and the Nephrology, Dialysis and Transplantation Unit of the IRCCS Azienda Ospedaliero-
Universitaria di Bologna (Italy). The inclusion criteria were a diagnosis of T2DM for at least one year without 
renal impairment (n = 10) or with renal impairment at the “very high risk” stage (n = 10) according to the 
guidelines for the evaluation and management of chronic kidney disease50. Vital parameters, weight, height, 
BMI, and systolic and diastolic blood pressure were assessed in all patients. A medical history was also collected 
to document current drug therapy.

Blood samples were collected from all subjects after fasting in EDTA tubes (Becton Dickinson Italia, Milan, 
Italy) and were centrifuged at 3000 × g for 10 min; the plasma was aliquoted into cryotubes (Corning, Inc., 
Corning BV, Amsterdam, The Netherlands) and stored at − 80 °C until analysis. The study protocol was approved 
by the local institutional review board, and written informed consent was obtained from patients or legal 
surrogates before enrollment, in accordance with the Declaration of Helsinki and later amendments.

Ethics approval
The study protocols were approved by the Ethics Committee of the Sant’Orsola Malpighi University Hospital 
(protocol codes 88_2017U\Sper, 2017, and 75/2012/U/OSS) and conducted in accordance with the declaration 
of Helsinki and later amendments. Informed consent was obtained from all participants before their enrollment 
in the study.
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Evaluation of albumin microheterogeneity before and after immunoextraction from plasma 
samples
Plasma from ten T2DM patients with (n = 5) or without (n = 5) renal impairment was divided into two aliquots 
and stored at − 80 °C before use. One aliquot was diluted 1:100 with 10 mM phosphate buffer (pH 7.4), filtered 
through 0.22 μm syringe filters, and directly analyzed via LC‒MS analysis following the methods described in 
the following section. The second aliquot was diluted with phosphate-buffered saline (PBS), filtered through 
0.22 μm syringe filters, and subjected to albumin immunoextraction using a monolithic affinity column that 
contained the selected anti-HA polyclonal antibody immobilized on the monolithic stationary phase (Sartorius 
BIA Separations, Slovenia, beta version affinity column). Extraction was performed according to the vendor 
protocol. The collected HA eluate was concentrated, and the elution buffer was replaced with 10 mM phosphate 
buffer (pH 7.4) by ultrafiltration (Amicon Ultra tubes; 0.5 mL; cutoff: 10 kDa). The HA concentration in the 
collected samples was assessed via spectrophotometric analysis. Before LC-ESI-MS analysis, the samples were 
diluted to a final protein concentration of 100 µg/mL.

Liquid chromatography‒mass spectrometry (LC–MS) analyses
For the relative quantitation of HA structural alterations, the LC‒MS method previously reported by Naldi et al. 
was slightly adapted45. The plasma samples were diluted 100 times with ultrapure water and filtered through a 
0.22 μm syringe filter (Merck KGaA, Darmstadt, Germany). HPLC analyses were conducted on an Agilent 1200 
HPLC System (Walbronn, Germany) using a Phenomenex Jupiter C4 column (5 μm, 300 Å, 150 mm × 2.0 mm 
i.d.) to achieve chromatographic separation from other plasma proteins. A gradient composed of mobile phases 
A [water/acetonitrile/formic acid (99/1/0.1, v/v/v)] and B [acetonitrile/water/formic acid (98/2/0.1, v/v/v)] was 
applied: 20–70% B for 5 min, followed by 70% B for 1 min. Between injections, the column was equilibrated for 
5 min. The flow rate was 0.4 mL/min, and the injection volume was 3 µL.

A quadrupole-time of flight hybrid mass analyzer (Q-ToF Micro, Micromass, Manchester, UK) with a Z-spray 
electrospray ionization (ESI) source was used for mass spectrometry analysis. The capillary and cone voltages 
were set at 3.0 kV and 40 V, respectively. The ESI-Q-ToF source temperature was 150 °C, and the desolvation 
temperature was 300 °C. The scan and interscan times were set at 2.4 s and 0.1 s, respectively. The desolvation 
gas flow rate was 1000 L/h, and the cone gas flow rate was 120 L/h. Total ion current (TIC) chromatograms 
were acquired in positive polarity within the 1000–1800 m/z range. Using MassLynx software v. 4.2 (Waters 
Corporation, Milford, MA, USA) with the maximum entropy (MaxEnt1)-based tool, the HA baseline-subtracted 
spectrum (m/z 1084–1534) was deconvoluted into a genuine mass scale, with parameters set at a mass range of 
61,500–71,500 Da and a resolution of 2 Da/channel. The relative abundance of HA forms was determined by 
dividing the intensity of each form (from the deconvoluted spectrum) by the sum of the intensities of all the 
forms multiplied by 100. Microsoft Excel software (Microsoft Corporation, 2016) was used for the data analysis. 
MassLynx software information is available at:
​h​t​t​p​s​:​​/​/​h​e​l​p​​.​w​a​t​e​r​​s​.​c​o​m​/​​h​e​l​p​/​​e​n​/​s​u​p​​p​o​r​t​/​l​​i​b​r​a​r​y​​-​d​e​t​a​​i​l​s​.​h​t​​m​l​?​d​o​c​​u​m​e​n​t​i​​d​=​7​1​5​0​1​0​2​2​5.

Bromocresol green (BCG) colorimetric method
The HA concentration in the plasma samples under investigation was determined using a BCG colorimetric 
assay, adapting the well-established method currently used in the clinic on a smaller scale56. The BCG reagent 
contained 0.2 mM BCG, 0.1 mM succinate buffer (pH 4.2), and 0.8% v/v Tween 20. The plasma samples were 
diluted 5-fold in ultrapure water. A 5 µL aliquot of diluted plasma sample was added to 200 µL of BCG reagent 
and gently mixed. The samples were incubated at room temperature for 5 min. Blank solutions were prepared in 
parallel and contained all the components except for plasma. Two hundred microliters of each sample and blank 
solution were transferred to a well of a clear 96-well flat-bottom microplate, and the absorbance in the range 
of 570–670 nm (at 620 nm) was measured using a Spark multimode microplate reader (Tecan, Austria). HA 
quantitation was performed by interpolating the absorbance at 620 nm in a calibration curve, which was built 
using HA standard solutions at increasing concentrations (5.0, 7.5, 10, 15, and 20 mg/mL). A standard curve was 
generated with each set of assays. All assays were performed in triplicate.

Ex vivo SPR-based assessment of HA binding functions in cirrhotic patients and T2DM + DKD 
patients
Prior to SPR analysis, the samples were diluted to match the analysis conditions, HA degradation by proteases was 
inhibited, and the HA concentration was normalized. In detail, based on the HA concentration (as determined 
by the BCG method), each plasma sample was diluted with PBS (pH 7.4) containing 2% (v/v) protease inhibitor 
mixture to obtain a final HA concentration of 100 µM. The samples were then filtered through a 0.22 μm syringe 
filter and further diluted 1 to 2 in 1× PBS (pH 7.4) + 0.1% (v/v) Tween20 + 4% (v/v) DMSO to obtain a final 
concentration of 50 µM HA and to match running buffer B.

HA immunocapture was performed by injecting a diluted plasma solution (HA concentration = 50 µM) over 
the functionalized sensor chip (SC1 or SC2) at 5 µL/min for 840  s. The surface was allowed to stabilize for 
420 s. Association and dissociation profiles of the selected site-specific binders, namely, PBZ, DPA, and BVD, 
were monitored for 40 s at a flow rate of 75 µL/min. For each subject-specific HA-sensing surface, the steady-
state dissociation constants for the three site-specific markers, PBZ, DPA, and BVD, were determined using the 
same concentration range used for sensor chip validation. Furthermore, the affinity of teicoplanin (TEICO), 
a non-site-specific HA binder, was also assessed for each patient. To this end, solutions of TEICO with final 
concentrations ranging from 0.880 to 550 µM in running buffer B were screened. At the end of each multicycle 
analysis, two subsequent regeneration steps were performed by injecting 100 mM Gly-HCl (pH 2) and 50 mM 
NaOH at a flow rate of 10 µL/min for 40 s. All the assays were performed at 25 °C.
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Statistical analysis
The data are reported as the mean and standard deviation or the median and interquartile range. For each 
parameter, the assumption of normality was checked using the Shapiro‒Wilk test. To compare the mean 
difference between plasma samples and extracted samples for each form to an expected mean of zero, the one-
sample t-test was used.

The Mann‒Whitney U test was used to compare the relative amounts of HA forms (as determined by LC–
MS) between groups. Student’s t-test was used to assess differences in SPR binding.

All tests were two-sided, and p values less than 0.05 were used to indicate statistical significance. The data 
were analyzed using the Statistical Package for Social Sciences (SPSS) version 28 (IBM) and GraphPad Prism 
software v. 8.4.2 (GraphPad Software, San Diego, CA, USA). Software information is available at: ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​g​
r​a​p​h​p​a​​d​.​c​​​o​m​/​s​c​i​e​n​t​i​f​​i​c​-​s​o​f​t​w​​a​r​e​/​p​r​i​s​m​/.

Conclusions
We developed a robust, cost-effective SPR-based method for analyzing albumin binding capacity in clinically 
relevant settings. By combining single-step selective immunocapture with label-free, real-time detection, this 
approach enables the cost-effective assessment of HA-drug interactions, preserving the intrinsic and clinically 
relevant HA microheterogeneity. This enables the evaluation of HA binding properties under clinically 
meaningful conditions, without the need for prior purification or protein modification. The method requires 
only minimal sample volumes, is highly reproducible, and supports extended reusability of the sensing surface 
for several hundred analytical cycles without loss of performance. These features make it a practical and scalable 
tool for the reliable investigation of HA functional alterations associated with pathological states or therapeutic 
interventions. Overall, this analytical approach provides a solid foundation for the future implementation of 
personalized and condition-specific assessments of albumin functionality in both research and clinical settings.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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